This paper deals with the statistical modeling of key features of power line communication (PLC) channels that are necessary for designing data communication systems that operate over theses channels. The key features are average channel attenuation, root mean squared delay spread, coherence bandwidth and coherence time. All these features were estimated from in-home PLC channels measured in seven distinct Brazilian residences. Assuming that each feature is a random variable, four criteria (i.e., maximum likelihood estimate and three different information criteria) are used to select the statistical distribution that fits best to the data. The symmetry and asymmetry of the histogram associated with each feature is pointed out. The reported results focus on three frequency bands, namely: 1.7-30 MHz, 1.7-50 MHz and 1.7-100 MHz, which are in accordance with the standards used in Europe, North America and Brazil. The values obtained to Brazilian PLC channel features are different from those related to US and Europe channels reported in literature. Thus, the presented statistical models constitute an important tool to better design practical PLC systems that are suitable for Brazilian and in-home electric power grids.
I. INTRODUCTION
T HE need for nurturing the technologies for Smart Grid (SG), Internet of Things (IoT) and Industry 4.0 demands the introduction of pervasive telecommunication systems and, as a consequence, the scarcity of spectrum may be alleviated by using all available medium for data communication purposes [1] - [3] . In this context, it is important to bring attention to power line communication (PLC) because it is a technology that makes use of the existing and ubiquitous infrastructure of electrical power systems to provide data communication.
The PLC has received considerable attention due to its low installation costs, as the electric power systems infrastructures are already available. Against the use of PLC technologies is the fact that electric power grids were not specified, designed and deployed for data communication purposes. In fact, power lines are electromagnetically unshielded and, as T. R. Oliveira a consequence, it interferes with and suffers interference from telecommunication systems operating in the same frequency band. Additionally, the transmitted signal is severely attenuated as frequency and/or distance increases, since the power lines are non-ideal conductors. Also, it is affected by high power impulsive noises due to loads dynamics and impedance mismatching frequently occurs due to the intrinsic topology of the electric distribution system. Overall, electric power grids represent a challenging data communication medium to be pursued but the necessity of data communication availability has continuously driven PLC technologies. In its turn, the existence of telecommunication worldwide regulations imposes constraints on the widespread usage of PLC systems. In fact, these systems are considered as secondary users and sources of interference for primary users (e.g., telecommunication system operating in the same frequency band, such as military applications and amateur radio [4] - [7] ). Therefore, the specification and design of PLC systems, which maximize the usage of available channel resources under the imposed constraints, requires a thorough study of the main features of electric power grids in the data communication perspective.
In this context, statistical models of some key features of PLC channels, which characterize the signal propagation influence of electric power grids over the transmitted signal, constitute an important and valuable information to be taken into account for the development and performance evaluation of PLC systems. Regarding wireless communication, Nakagami, Rician, Rayleigh and Weibull statistical distributions have been widely applied to model the fading behavior of wireless channels [8] , [9] . More recently, the Gamma [10] and Inverse Gaussian [11] distributions were considered to model fading effects for frequencies above 60 GHz in free-space optical communications. In PLC scenario, very few statistical analysis are available, with most of them addressing the PLC channels in US and European countries [12] - [17] .
The main features of interest for statistical characterization of in-home PLC channels that are suitable for advancing the PLC systems are: average channel attenuation (ACA), root mean squared delay spread (RMS-DS), coherence bandwidth (CB), and coherence time (CT). The average channel gain in dB (ACG dB ) -the negative of ACA -and the RMS-DS, for in-home PLC channels, have their normality/log-normality discussed in a few papers on the related literature. In [16] , for instance, measurements of PLC channels in US urban and suburban areas are presented with the frequency band 1.8-30 MHz. In [12] , normality tests based on 60 PLC channels estimates, which were measured in six different homes, did not reject the null hypothesis in which ACG dB and RMS-DS were considered normally and log-normally distributed continuous variables, respectively. Also, [13] reported the analysis of 200 PLC channels estimates obtained in 25 different premises in Spain, with a frequency band 2-30 MHz. In that study, the normality assumption for ACG dB was rejected by all performed tests, whereas the log-normality assumption was validated for delay spread. In Italy, a set of 1, 266 PLC channels was measured in the frequency band 1.8-100 MHz [14] . The normality of ACG dB was not strictly confirmed, whereas the log-normality of RMS-DS was firmly advocated. Moreover, [15] discussed some results related to CB in Spanish in-home PLC channels for the frequency band 2-30 MHz. Regarding the frequencies up to 100 MHz, [18] and [14] discussed some CB results in France and Italy, respectively. The analyses related to the CT of PLC channels were addressed in few researches, such as [17] , in which the CT estimates higher than 600 µs were obtained from the measured in-home PLC channels.
Even though the CB and CT are two of the main features for characterizing PLC channels, there is a clear lack of characterization for them in countries with distinct profiles from US and European countries. An attempt to overcome this problem is the analysis of ACA, RMS-DS, CB, and CT in Brazilian in-home PLC channels provided in [19] . Also, an initial attempt to provide statistical modelings of ACG and delay spread in Brazil was introduced in [20] .
Aiming to provide a better understanding about Brazilian electric power grids usability for data communication purposes, this work focuses on a comprehensive discussion of statistical modeling of key features of Brazilian in-home PLC channels, covering three important frequency bands. In this regard, the main contributions of this paper are the following:
• Statistical models are provided for the ACA, RMS-DS, CB, and CT parameters, which were obtained from several PLC-channel estimates from seven typical and different homes in Brazilian urban area. • The data sets constituted by all measured features are submitted to a modeling procedure that evaluated the suitability of several continuous statistical distributions, of up to three parameters, including symmetric (Logistic, Normal and t-Student) and asymmetric (Exponential, Gamma, Inverse Gaussian, Log-logistic, Log-normal, Nakagami, Rayleigh, Rician, Skew-normal and Weibull) ones. • The choice of the best statistical distribution is based on the log-likelihood function and three distinct information criteria, namely Akaike information criterion (AIC), Bayesian information criterion (BIC), and efficient determination criterion (EDC) [21] . • The analysis comprises three distinct frequency bands:
Band A (1.7-30 MHz), Band B (1.7-50 MHz) and Band C (1.7-100 MHz). Note that Band A applies to some European countries [22] , Band B refers to the regulation imposed by Brazilian telecommunication regulatory authority [23] , and Band C covers future PLC systems offering data rates in order of 1-2 Gbps [16] .
Through the development of this study, the following statements regarding the statistical modelings of Brazilian in-home PLC channels features can be determined:
• The ACA feature is better fitted by the Skew-normal distribution in Band A and by the Nakagami distribution in Bands B and C. • The RMS-DS is better fitted in all frequency bands by Gamma distribution, while the Log-normal distribution offers quite similar fitting results. • The best fit for CB is provided by the Inverse Gaussian distribution in Bands A and C, while the Log-logistic distribution is the best one for Band B. Moreover, the Skew-normal distribution yields the best fits for CT in all frequency bands. It is important to emphasize that the statistical analysis of CB and CT constitutes the first attempt to statistically model these important PLC channel features. The remainder of this paper is organized as follows: Section II addresses the PLC channel measurement setup and campaign. Section III defines the PLC channel features of interest: ACA, RMS-DS, CB and CT. Section IV deals with the formal concepts behind the maximum likelihood estimation process. Section V presents and discusses the modeling results for the ACA, RMS-DS, CB and CT features, including comparisons with other results found in the related literature. Finally, Section VI closes the paper summarizing its main findings.
II. MEASUREMENT SETUP AND CAMPAIGN
The statistical characterization and modeling of the most important PLC-channel features were supported by estimates of channel frequency responses (CFRs), which were obtained from a measurement campaign in seven Brazilian in-home facilities. The block diagram of the PLC CFR measurement setup is shown in Fig. 1 , which consists of the following three main components [24] :
• Signal generator: Equipment composed of an arbitrary signal generator board mounted in a rugged computer. A pre-designed sounding sequence is loaded into it and converted to an analog signal, which is used to estimate the PLC CFRs. Essentially, the sounding sequence is composed of consecutive Hermitian symmetric orthogonal frequency division multiplexing (HS-OFDM) [25] symbols with 2N subcarriers and a cyclic prefix of length L cp . • Data digitizer: Equipment composed of a data acquisition board mounted in a rugged computer. It is responsible for collecting the sounding signal that was distorted by the propagation effects associated with the electric power grids. • Coupler: Circuitry used to connect both signal generator and data digitizer to the electric power grids under analysis [26] . The designed coupler introduces an insertion loss lower than 2 dB in the frequency band 1.7-100 MHz. The PLC CFR estimates are obtained through the channelestimation methodology applied in both transmitted (from the signal generator) and received (by the data digitizer) sounding signals, as detailed in [24] , [27] , [28] . The adopted parameters in the channel-estimation methodology are summarized in Table I . By adopting a sampling frequency of 200 MHz, the resulting frequency resolution is around 48.83 kHz. From the values chosen for N and L cp chosen values, the CFR estimates are obtained every 23.04 µs (which is the time interval duration of the HS-OFDM symbol), approximately. Note that the adopted time interval duration is much shorter than the minimum value of CT of 600 µs, as desired, which was found in in-home Spanish facilities, covering the frequency band of 1.7-30 MHz [17] . A measurement campaign was carried out in seven distinct and typical sites (residences) in an urban area in Brazil, as described in Table II . In the entire measurement campaign, 245 different outlet pairs (i.e., electric circuits) were measured, providing a total of 148,037 CFR estimates, with an average of 604 consecutive CFR estimates for each outlet pair. 
III. POWER LINE FEATURES UNDER INVESTIGATION
This section defines the ACA, RMS-DS, CB, and CT features. In this context, we assume that the PLC channel is modeled as band limited, linear and time invariant system, as the time interval duration of each HS-OFDM symbol is much shorter than the coherence time. From now on, the channel impulse response of a PLC channel is denoted by h(t) ∈ R| t ∈ [0, T h ), and its corresponding Fourier transform is represented by H(f ) ∈ C| − B < f < B, in which B is the considered frequency bandwidth.
A. Average channel attenuation
The average channel gain (ACG) is given by
As some of statistical distributions considered in this study can not assume negative values, we opt to analyze the ACA feature defined as ACA = −ACG dB .
B. Root mean squared delay spread
The RMS-DS denotes the distribution of transmitted power over several paths in a multipath environment. It can be defined as the square root of second central moment of a power delay profile, as given by
where
τ min and τ max are the arrival times of the first and last paths, respectively. Such channel feature indicates how disperse the communication channel is. This information is usually used to support the specification of the guard or cyclic-prefix interval duration in a multi-carrier modulation (e.g., HS-OFDM and OFDM) to avoid inter-symbol interference.
C. Coherence bandwidth
The CB parameter reflects the CFR selectivity, and it can be obtained by using the correlation function given by
in which ∆ f ∈ R + denotes the frequency spacing and { * } is the conjugate operator. The value of coherence bandwidth (B c ) is determined from the relationship
where γ ∈ R|0 < γ < 1 is the correlation level indicating that the channel frequency response does not vary considerable
Based on the use of HS-OFDM scheme and the values in Table I , in our study we get B c = (B/N )λ ≈ 48.83λ kHz, where λ = 0, 1, . . . , N − 1. From its definition, the CB is a key parameter to evaluate the need for equalization in a practical data communication scheme.
D. Coherence Time
The CT is the time duration in which the PLC-channel impulse response can be considered time invariant. By assuming that the PLC channel is a wide-sense stationary uncorrelated scattering (WSSUS) process [29] , the CT feature becomes related to the coherence time of the complex gains, α l (t), which incorporate both attenuation and phase deviations due to l = 1, 2, . . . , L signal multiple reflections in the communication medium.
In its turn, the coherence index between samples of α l (t), taken ∆t time units apart, is given by
in which E[.] is the expectation operator. Thus, it can be assumed that the correlation index of the PLC channel is given by
where P l = E[|α 2 l (t)|] is the average power of the l th path. Hence, the CT feature can be obtained through the relationship
where 0 < β < 1 refers to the minimum correlation index admitted to characterize the channel as time-invariant during the time interval ∆t = T β c . For a HS-OFDM based scheme, the CT for the correlation index β, denoted by T β c , can be estimated by using [29] 
where T s = 1/f s denotes the sampling period, 2N is the number of subcarriers, L cp is the length of the cyclic prefix in the HS-OFDM symbol, and M c is the number of consecutive channel estimates required to reach a correlation score equal to 0 < β < 1. In other words, M c is the number of consecutive channel estimates in which a correlation of β between them, can be observed. In this sense, the higher is the value of M c , the longer will be the coherence time.
In practice, the CT feature is crucial for instance to inform the periodicity of channel state information that must be provided for performing channel equalization and resource allocation.
IV. STATISTICAL MODELING EVALUATION
Assuming that the features are random variables, than the fitting between their data sets and any statistical distribution may be evaluated in terms of different criteria, as described below.
A. Maximum Likelihood Estimate
Let X = x i denotes a realization of a random variable with a parametric probability density function (pdf) f (x|θ), where θ = [θ 1 , ..., θ K ] T denotes K unknown parameters. Thus, the likelihood function can be expressed as [30] 
which is commonly replaced by its logarithmic version, referred as log-likelihood, which is given by
The maximum likelihood estimate (MLE), represented by vectorθ, is obtained bŷ
Such maximization problem is easily performed for some distributions with analytic solutions, as it occurs, for instance, for Normal distribution. On the other hand, analytic solution for others statistical distributions (e.g., Skew-normal and Gamma distributions) can be very complicated and, as a consequence, numerical procedures may apply [31] .
B. The information Criteria
These criteria quantitatively evaluate the suitability of a statistical distribution to model a data set by penalizing the number of parameters in each distribution to avoid data overfitting. The three information criteria considered here, namely the Akaike information criterion (AIC), Bayesian information criterion (BIC), and efficient determination criterion (EDC), have the general form of [21] −2γ(θ) + Kc n ,
where K is the number of parameters used by a pdf and c n is the penalty term of the criterion. Note that c n is in accordance with Table III , where n denotes the data set size. Different from the log-likelihood function, a low value of the information criterion means a better fitting between data set and the statistical distribution. 
V. NUMERICAL RESULTS
Statistical analyses were performed in the data sets of the ACA, RMS-DS, CB, and CT features, extracted from the measured in-home PLC channels covering the following three frequency bands:
The statistical modeling was based on several symmetric and asymmetric continuous statistical distributions, which were chosen according to the general behavior observed in each data set. In this sense, the chosen symmetric distributions are the Logistic, Normal, and t-Student, while the asymmetric ones are the Exponential, Gamma, Inverse Gaussian, Log-logistic, Log-normal, Nakagami, Rayleigh, Rician, Skewnormal, and Weibull. The statistical analysis of each feature is presented in the following subsections.
A. ACA Statistical Analysis
The parameters of all considered statistical distributions, applied to fit the ACA, are listed in Tables IV-VI, for Bands  A, B and C, respectively. The statistical models that best fit the ACA, the fit to the normal distribution and the histograms of the dataset that represents the ACA can be observed in Fig. 2 . From these results, one can note that the Skew-normal distribution offers the best fit to the ACA values obtained from the measured Brazilian in-home PLC channels, when considering Band A. Moreover, the Nakagami distribution achieves the best fits for Bands B and C. At this point, it is important to emphasize that the fitting is performed in the datasets instead of the histograms that represent them, since the format of the histograms are due to the dataset but is strongly dependent to the chosen number of bins. Thus, the quality of the achieved fit is not verified only by the inspection of the corresponding histogram, but together with the analysis of the achieved MLE score. The above comment is also applied to all considered channel parameters.
Regarding Band A and based on some normality tests, the ACA was considered normally distributed in some US in-home PLC channels, as detailed in [16] . The mean values for ACA in US is more than two times the one observed in Brazilian residences and this difference is probably related to the fact that the sizes of typical apartments and residences in Brazil are smaller than in US (see Table II in [12] ). These same tests were performed in in-home PLC channels in Spain [13] , and the null hypothesis in which ACA is considered normally distributed was rejected. In that contribution, the Jarque-Bera, Lilliefors, and Kolmogorov-Smirnov tests [32] , performed at 5% and 1% correlation levels, were applied and normality assumption with respect to ACA feature was also strongly rejected. The values of ACA reported from Spain are close to those encountered in US. Regarding the measured Brazilan PLC channels, the use of the Normal distribution seems to be not appropriate to give a reasonable model for the ACA. This is because among the tested distributions, the normal is just the eighth best fit, for Band A. On the other hand, the normal distribution can be eventually used in Bands B and C, although it is the fourth best fit, but the MLE score is quite close when comparing the normal and the first three best statistical models, as can be observed in Tables V and VI, for Bands B and C, respectively.
Regarding Band C, for comparison purposes, [14] showed that the Normal distribution yields the best fit to ACA values related to Italian in-home PLC channels. In that paper, the mean and standard deviation associated with the Normal distribution, (µ, σ), are equal to (35.412, 10.521) dB, where the values (30.211, 9.158 ) dB are obtained in the Brazilian in-home scenario. These results reinforce the fact that Italian in-home PLC channels faces more attenuation, around 5 dB, in comparison to their Brazilian counterparts.
B. RMS-DS Statistical Analysis
With respect to the statistical modeling of the RMS-DS feature, the histograms depicted in Fig. 3 show a clear positive asymmetry. In fact, the analysis of RMS-DS for Brazilian in-home PLC channels revealed that this feature is better modeled by a Gamma distribution, for all three frequency bands considered here. This result is different from those reported for in-home PLC channels in US [16] , [22] and for in-home PLC channels in Spain [13] , regarding frequency Band A. Also, it differs from the one presented in [14] for Italian in-home PLC channels in Band C, in which RMS-DS was considered to be log-normally distributed. Furthermore, the values of RMS-DS observed in US and Europe are higher than those estimated from Brazilian power lines. This matches the same observation applied to justify the discrepancy verified in ACA parameter from different countries, due to the size of the measured residences, in which are probably smaller in Brazil.
On the other hand, the obtained results with the Normal distribution applied to the RMS-DS values extracted from the Brazilian in-home PLC channels are not so distant to those obtained with the Gamma distribution, as give in Tables VII-IX 
C. CB Statistical Analysis
The CB values estimated from the measured in-home PLC channels are analyzed in this contribution with respect to a correlation level of 90%. Comparing the CB values (at a 90% of correlation level) extracted from Brazilian in-home PLC channels with their Spanish [15] (for Band A) and French [18] (for Band C) counterparts, larger CB values can be observed in the Brazilian PLC channels. In fact, the maximum CB value in Brazil is almost 3 MHz, approximately 1.6 and 2.5 times its French and Spanish counterparts, respectively.
The statistical modeling of the CB feature revealed that it is better fitted by the Inverse Gaussian distribution for Band A and Band C, as shown in Figs. 4a and 4c , respectively. For Band B, the best fit is achieved by the Log-logistic distribution. For comparison purposes, the fit for the Log-normal distribution is also depicted in Fig. 4 , since the histograms suggest that the CB data set presents positive asymmetry. It is important to state that the fit offered by the Log-normal distribution yields very close performance to the distributions offering the best fits in terms of log-likelihood and all evaluated criteria, something that is much more accentuated in Bands A and C. The parameters for each considered statistical distribution, including the Log-normal one, together with all criterion values are listed in Tables X-XII, for Bands A, B and C, respectively.
Since the statistical modeling of CB values, to the authors' best knowledge, is firstly introduced in this contribution, no comparison can be performed against previous related papers.
D. CT Statistical Analysis
The CT data set is constituted by less samples in comparison with the ACA, RMS-DS, and CB data sets, due to the methodology applied to estimate this feature. In fact, the CT values are derived from a set of consecutive CFRs, and only those combinations that rendered more than 640 consecutive CFR estimates where considered. This means that the data set for CT values is composed of only 178 estimates.
For this feature, the histograms depicted in Fig. 5 show some negative asymmetry of the CT values. This observation is reinforced by the fact that the Skew-normal is the best statistical distribution, with a negative skewness, as indicated by the value of γ in Tables XIII-XV for all considered frequency bands. As can be observed, the second-best statistical distribution provides fitting scores far worst than those achieved by the best distribution in each band, and, as a consequence, they may not be chosen to model the CT associated with the Brazilian in-home PLC channels. The attained results have shown that the average channel attenuation feature is better fitted by the Skew-normal distribution in Band A, and by the Nakagami distribution in Bands B and C. The root mean squared delay spread feature is better fitted in all frequency bands by the Gamma distribution, having the Log-normal distribution achieving very similar modeling results. Regarding the coherence bandwidth feature, the best fit was obtained with the Inverse Gaussian distribution for Bands A and C, while the Log-logistic distribution offered the best fit for Band B. Finally, the Skew-normal distribution yields the best fits for the coherence time feature in all frequency bands.
Comparisons with previous studies carried out in US and Europe (Spain, France, and Italy) have shown the existing similarities and, most importantly, differences from Brazilian PLC channels. For instance, the normality assumption for the average channel attenuation verified in some countries may not be accepted in the Brazilian case. On the other hand, the lognormality of the root mean squared delay spread was verified in several countries, including Brazil.
Indeed, the provided models are more suitable to represent Brazilian PLC channels and thus, they are useful for developing data communication systems which are capable of maximizing the use of available resources in Brazilian electric power grids. 
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